Hyperthermia is expected to be as an effective treatment method that can contribute to improving a cancer patient's quality of life. At present, two frequency ranges are used in hyperthermia. One is relatively low and the other is in the microwave range. However, side effects, such as burns due to heating healthy cells or physical strain caused invasive surgery, remain major burdens for patients. To resolve these problems, we propose the use of a lower microwave frequency with phase control. In this paper, we present the selection of a suitable frequency, a demonstration experiment, and a corresponding numerical analysis using the selected frequency.
Hyperthermia is expected to be as an effective treatment method that can contribute to improving a cancer patient's quality of life. At present, two frequency ranges are used in hyperthermia. One is relatively low and the other is in the microwave range. However, side effects, such as burns due to heating healthy cells or physical strain caused invasive surgery, remain major burdens for patients. To resolve these problems, we propose the use of a lower microwave frequency with phase control. In this paper, we present the selection of a suitable frequency, a demonstration experiment, and a corresponding numerical analysis using the selected frequency.
To determine a suitable frequency, we calculated the distribution of SAR in a one-dimensional system. It was composed of a muscle layer between air layers and had two plane wave sources synchronized with an appropriate phase difference at the edges. We found a desirable frequency range of several hundreds MHz in which a single SAR peak existed in the muscle layer.
We performed heating experiments on a tissue-equivalent phantom made from agar using a frequency of 430 MHz. We used a pair of circular patch antennas to irradiate the phantom and produced phase differences between the antennas by changing the length of the feed cables. Figure 1 shows grayscale images of the temperature distributions inside the phantom after microwave irradiation. Here, (a) and (b) correspond to the phase differences of 0 and π, respectively. As Fig. 1(a) shows, a higher temperature region was found in the center of x2-axis shown in the figure, while it is a lower temperature in the same region of Fig. 1(b) .
We also performed a numerical simulation in three dimensions under the same conditions as the experiment. Figure 2 shows grayscale images of the electric field distributions for almost the same area as in Fig. 1 . The regions of larger field amplitude corresponded well to those of a higher temperature in Fig. 1 . The detailed analysis of these calculations revealed that the temperature distribution was attributable to the interference between radiated waves. The manipulation of the temperature distribution by phase controlled irradiation of long-wavelength microwaves was demonstrated. Hironori Namiki * * *
Introduction
Cancer is a major cause of death, and thus its treatment is an important issue. Thermotherapy is wellknown as an effective treatment. More specifically, hyperthermia is a new and effective form of thermotherapy that uses high-frequency electromagnetic fields. It has attracted considerable attention since it provides low physical impact and few side effects compared to chemotherapy and radiotherapy.
In hyperthermia in its present form, cancer cells are heated by the electromagnetic field to a temperature of 42 to 43
• C, which kills healthy human cells as well as the cancer cells. Two types of hyperthermia are used, which differ in the frequency applied. The first uses a low-frequency range in which the electromagnetic field penetrates whole human body deeply, and thus easily reaches the cancer cells. This results in whole body heating, meaning that healthy cells as well as cancer cells are heated. Because of the cooling mechanism of the blood flow, the damage to healthy cells is less than the damage to cancer cells (1) , but the elevated body temperature results in an increased heart rate. The second type of hyperthermia uses microwave frequencies in which the wavelength is short enough to cause only localized heating. The penetration depths, however, is small, requiring a surgical operation to expose cancer cells located deep in the body.
Although hyperthermia has fewer side effects than other cancer treatment methods, some remain, as described above. A new technique with fewer side effects is highly desirable. To address this issue, we propose a new method that employs a phase control radiation technique with lower-frequency microwaves to achieve sufficient penetration depth. In this method, we use multiple antennas and synchronized microwave power sources. By controlling the phase difference between microwaves radiated from different antennas, we can control the location of peaks and nodes in the electromag-netic field formed by interference patterns in the irradiated space. Hyperthermia using a lower frequency of microwave (e.g., 433 MHz) has been already studied (2) , but it was not combined with phase control. Phase control techniques were demonstrated at 2.45 GHz (3) , but at that frequency, the depth of penetration is too small to be adequate. Our proposal includes the selection of a suitable frequency in the lower microwave region.
In Ch. 2 of this paper, we determine a suitable frequency for less-invasive hyperthermia using a simple calculation in a one-dimensional model. Based on this result, we performed simulated heating experiments using phase controlled microwaves on a tissue-equivalent phantom made from agar. The results of the experiment are shown in Ch. 3. We used three-dimensional electromagnetic calculation software in the analysis of the experimental results presented in Ch. 4. The contents of the paper are summarized in Ch. 5.
Simple Calculation of Phase Controlled
One-dimensional Microwave Propagation
Method of Calculation
First, we use a simple calculation to estimate a suitable frequency range for hyperthermia. Our simple model has three layers in the x-direction as shown in Using γ i , a propagation constant in the layer i, and C ± si , which is the strength of electric field determined by boundary conditions between layers and wave sources, we can calculate the electric field of each layer as follows: (1) and (2), we can find the specific absorption rate (SAR) in muscle as follows:
In Eq. (3), σ and ρ are the electrical conductivity and mass density of muscle, respectively.
Results of Calculation
We used 2.45 GHz, 915 MHz, 430 MHz, and 10 MHz since sources of these frequencies were readily available in our experiments. We calculated the distribution of SAR in muscle due to in-phase radiation from these wave sources. The results of this calculation are shown in Fig. 2 . This shows that SAR for 2.45 GHz is significant only near the surface of the muscle, thus producing only surface heating. For 915 MHz, several peaks of SAR occur in the muscle. For 10 MHz, SAR is uniform, and thus localized heating is not possible. For 430 MHz, a single peak is formed in the muscle, so this is the most promising frequency.
We also examined the effect of phase control. For 430 MHz, we varied relative phase difference of two wave sources. We calculated SAR distributions for phase differences of 0, π/2, π, and 3π/2. The results are shown in Fig. 3 . From Fig. 3 , we can see that the position of peak in the SAR varies according to the relative phase difference. Based on these calculations, we would expect localized heating at interior locations to be possible us- ing microwaves at 430 MHz while controlling the phase. For the calculations in this chapter, we only compared the four frequencies corresponding to readily available sources. For different widths of muscle, the suitable frequency varies in the longer wavelengths, in the range of several hundred MHz.
Heating Experiment Using a Pair of
Patch Antennas and a Tissue-equivalent Phantom
Experimental Devices and Setup
We performed heating experiments with a frequency of 430 MHz. Figure 4 shows the experimental setup.
We used a tissue-equivalent phantom made from agar (5) as a heating target. The dielectric constants and the electrical conductivity of the phantom were adjusted with powdered polyethylene and sodium chloride, respectively, to be equivalent of those in real muscle. The size of the phantom was 190×190×(50 or 60) mm 3 . The thickness of the phantom was small compared to that in Ch. 2 to achieve rapid temperature changes.
We used a pair of circular patch antennas to transmit the 430 MHz electromagnetic wave because they were simple, small, and low-cost. The radius of the circular patch antenna a is described in Eqs. (4) and (5), where the antenna resonant frequency is f r (430 MHz), the effective radius of the patch antenna is a eff , the velocity of light in a vacuum is c, the relative permittivity of the dielectric substrate of the antenna is ε r , and the width of the dielectric substrate is t s :
In Eq. (4), χ 11 is the first root of J 1 (χ) = 0, where J 1 (χ) is the derivative of the first order Bessel function of the first kind, and is equal to 1.8412. From Eqs. (4) and (5), we determine a to be 6.2 cm. For the microwave system, the output of the signal generator was divided equally, and each portion was amplified to 100 W and then fed to the antenna. We used circulators to measure the reflected power and protect the amplifiers from large reflected powers. We measured 15 W of reflected power from circular patch antenna A located on the left side of the phantom and 25 W from antenna B on the right. We controlled the relative phase difference between the antennas by adjusting the length of feed cables between the circulator and the antennas. Using cables with the same length produced microwaves with a phase difference of 0; a difference of half a wavelength in the cable produced a phase difference of π.
The phantom and the antennas were in a shielded box. Each antenna was located 5 cm from the phantom. We irradiated the phantom with microwaves for 15 min in all experiments. Before and after irradiation, we opened the door of the shielded box and used a thermo-tracer to measure the temperature distribution on a cross section of the phantom directly at y = 0 by cutting open the phantom. The radiation rate was set at 1, so an absolute error of about a degree or two may occur in the measured temperature (6) .
Experimental Results
The experimental results are shown in Fig. 5 for a phase difference of 0. Figure 5(a) shows the grayscale images of the temperature distribution of the phantom before irradiation, and Fig. 5(b) shows the distribution post-irradiation. In Fig. 5(a) , temperature of the phantom is rather uniform, but this is not the case in Fig. 5(b) . Using the horizontal axes x 1 and x 2 in Figs. 5(a) and (b), the temperature distributions are shown in Fig. 5(c) . This indicates that the temperature peaks at the center of the x 2 axis, demonstrating that the inside of the phantom is heated more than its surface, which confirms our calculation in Ch. 2. The temperature distribution along the x 1 axis, however, was unexpected. Figure 5(b) shows that heating occurs only on the top and the bottom of the phantom. We attribute this to the radiation characteristics of the patch antenna we used.
Next, we changed the length of the feed cable to set the relative phase difference to π. The heating results are shown in Fig. 6 in the same format as Fig. 5 . According to Figs. 6(b) and (c), temperature along the x 1 axis has a dip at the center, in agreement with our calculation in Ch. 2. The distribution along the x 2 axis, however, is biased to the negative side of the axis. We attribute this temperature asymmetry to the difference in the radiated powers of the antennas. Since antenna B had a higher reflected power than antenna A, it radiated less power.
Discussion of the Temperature Distribution

Electromagnetic Field Analysis by HFSS
To examine how microwaves propagate through the phantom target, we performed an electromagnetic field analysis with HFSS (Ansoft Corporation). HFSS is an electromagnetic software simulator for high frequencies that uses a finite element method to solve Maxwell's equations.
For the simulation, we set the antenna frequency to 430 MHz and its radius to 6.2 cm, corresponding to our experimental conditions. The antenna was fed by a coaxial cable, and the metal parts of both were assumed to be perfect. There are no reflection waves from boundaries of the analyzing space by using an appropriate condition. We also specified the locations of the phantom and antennas to be the same as in our experiment. This arrangement is shown in Fig. 7 . The input power of each antenna was set to 1 W, and the program solved for the steady state at a fixed frequency. Because of the automatic mesh generation of the software, the matched frequencies of the antennas were slightly different. Since the average frequency was used in the calculations, the current and field of the antenna contained unmatched components. This produced an asymmetric field distribution between upper and lower sides of the figure as shown in the following figures. The radiated fields, however, had enough symmetry.
At first, the right-hand antenna (B) was only excited enough to confirm propagation of microwaves through the phantom. The results are shown in Fig. 8 , where the magnitude of the electric field in the z − x plane is shown by the colored scale. Here, Figs. 8(a), (b) , and (c) are snapshots in time for phase angles of the RF period of 0, 2π/3, and 4π/3 radians, respectively. The rectangle in the center is the cross section of the phantom and the rectangles on the left and right sides are the antennas.
From Fig. 8 , we observe that the path of the microwaves in the phantom seems to be from the top-right or bottom-right to the left vertical center. The propagation in the vertical direction may be due to the reflection at the top or bottom edge of the phantom. The wave is also reflected at the left-hand edge of the phantom. Figure 8(b) shows a large amplitude at the left vertical center of the phantom.
Next, both antennas were excited in a manner similar to the conditions of our experiment. Figures 9 and 10 show the results with a phase difference of 0 and π, respectively. The arrangement of the figures is the same as those of Fig. 8 .
Figures 9 (b) and (c) confirm that the magnitude of the electric field at the top and bottom of the phantom is much greater than anywhere else. In those regions, waves propagate as shown in Fig. 8 , so the large value may be due to the interference between waves from the two antennas. The experimental result shown in Fig.  5 may be attributable to the enhancement of the field due to this interference. The magnitude of the electric field in the same position in Figs. 10(b) and (c) is much lower. This is also consistent with interference between waves because the field amplitudes of both waves cancel. In Fig. 10(b) , a larger magnitude is observed at the vertical center of both edges of the phantom. This is due to reflection as explained in Fig. 8 . The high temperature region in Fig. 6 may be caused by this reflection.
Comparison Between the Experiment and Numerical Calculation
To understand the experimental results, consider , and 10, the incident microwaves follow paths f A and f B . Some parts of them, r A1 and r B1 , are reflected at boundaries K and propagate from region #1 to regions #2A or #2B along with f A and f B . They are reflected at boundaries L A and L B to become r A2 and r B2 . Thus, in regions #1, a peak of standing waves occurs formed by the interference between f A and f B and/or the interference between f A (f B ) and r A1 (r B1 ). In region #2A and #2B, a standing wave is also formed by the combination of r A1 (r B1 ) and r A2 (r B2 ).
In the case of a phase difference of 0, strong absorption is observed in region #1, so the waves are attenuated and result in a small absorption in regions #2A or #2B. However, for a phase difference of π, absorption in region #1 is small, and thus the absorption in region #2A or #2B becomes stronger than in region #1.
The higher temperature regions shown by the experiments correspond to the areas of large absorption explained above. Thus, for region #1, we conclude that the localized heating was due to the use of phase controlled long-wavelength microwaves. The effect of the reflected wave at the top and bottom edges was not large, and this was confirmed in the calculation with a large height phantom in which reflection at the edge was negligible. The peculiar characteristics of the temperature distribution in the vertical direction was due to the radiation characteristics and the finite size of the phantom.
We have assumed that a higher temperature is due to greater power absorption. However, heat transfer can also cause temperature variation, so we briefly examined the influence of heat transfer.
The equation of heat transfer without a heat source is
where T is the temperature, t is the time, λ is the thermal conductivity, C is the specific heat, and ρ is the mass density. For the phantom, λ = 0.55 W/m · K, C = 3.6 J/gK, and ρ = 900 kg/m 3 (5) . When we introduce the characteristic time τ and the characteristic length L for temperature variation, we can reduce ∂/∂t and ∇ to 1/τ and 1/L, respectively. Then, Eq.(6) becomes L = τλ/Cρ.
If we consider the situation after the irradiation, the interval between the end of irradiation and time of the temperature measurement is τ ≤ 100 s, so L ≤ 4.2 mm. Thus, the spatial temperature variation due to heat transfer is not significant for this experiment. The irradiation time of 900 s is longer than the estimate above. However, it is just L ∼ 1.2 cm even if we take τ = 900 s. The evaluation of L shows that the spatial temperature distribution is mainly attributable to power absorption.
Conclusion
We presented fundamental calculations and experiments for phase control of hyperthermia to achieve localized heating. Using simple one-dimensional calculations, we found that long wavelength microwaves in the range 300-500 MHz were suitable, and that the phase control technique worked effectively for localized heating. In the heating experiments, we demonstrated a variation in the temperature distribution caused by the phase control technique. Through numerical calculations of the electromagnetic field using HFSS, we confirmed that the experimental results of localized heating were likely due to wave interference caused by the phase control technique, and that the peculiar temperature distribution of the experiment was due to the radiation characteristics of the patch antenna. Improving the antenna structure and confirming the effectiveness of the scheme in a phantom composed of multiple kinds of tissues remain the subjects of future studies.
